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Naverland site

Drinking water quality criteria ():
» 1 ug/L for PCE, TCE, 1,1-DCE, 1,2-DCE
» 0.2 pg/L for VC
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[HOFOR, 2024]

(1) Miljgministeriet (July 2021). Liste over kvalitetskriterier i relation til forurenet jord. dk.
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Naverland site

I

Additional V2-mapped contaminations:

» Herstedostergade 46
» Fabriksparken 26

Drinking water risk:

Tl e g o > Impacts estimated for over 100 years ()
a1 N > cDCE concentrations expected up to 20 ug/L @

B V2-grunde
— Potentiale 2023
[ ] Kommunegraense

[HOFOR, 2024]

(2) HOFOR (Nov. 2024). Naverland 26A-B, Albertslund - Forureningskilder, potentialeforhold og forureningsudbredelse - 2023. Tech. rep. HOFOR Plan Vand.
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Objectives

i

Aim: Investigate three strategies for cDCE degradation in limestone.

Biostimulation

Biostimulation

Chemical reduction : : Bioaugmentation
Bioaugmentation

Chemical reduction

Hypothesis: Combined strategy would perform better than the abiotic and biotic strategies alone.
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Agenda

i

Background theory

Methods

Results

Discussion

Conclusion
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BACKGROUND

Chlorinated ethenes

» Dry-cleaning solvents and metal degreasing agents

» Proven carcinogenicity (TCE and VC) ©®)

» 1990s: phase-out from European market

» Frequent aquifer pollutants

> PCE and TCE often released as DNAPLs

(3) ECHA, https://chem.echa.europa.eu/
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BACKGROUND

DTU
= Reductive dechlorination — a biotic degradation pathway
CI\C=C/C1
» Hydrogenolysis reaction Reductive / < ree © \Hydrogenolysis
» Complete dechlorination: only some Cl—c=C—Cl C—C “
dichloroacetylene Cl 7 ~ H
Dehalococcoides strains l TiE
Cl Cl
Cl—C=C—H >c=c<
L. chloroacetylene
Redox conditions l isDCE
» Iron-reducing conditions: PCE and TCE to DCE / 1
H—C=C—H
» Sulfate-reducing conditions: DCE and VC to ethene reehiene \ /
H\C=C/
Enhanced reductive dechlorination H:my.e..:H
» Biostimulation: electron donors, nutrients l
: : : Hi:‘c—c{—HH
» Bioaugmentation: bacterial culture H H

ethane
[Adapted from Lee and Batchelor, 2002]

03-03-2026 Technical University of Denmark Continuous-flow Column Experiments for Enhanced Biotic and Abiotic Degradation of cis-DCE in Limestone



NE

Chemical reduction — an abiotic degradation pathway

» B-elimination reaction

» Lower production of VC

Direct chemical reaction

» Zero-Valent Iron (ZVI)

> FeY + RCl+ HY » Fe?* + RH + Cl~

Indirect chemical reaction
» Reaction with iron precipitates

> Example: EHC® Liquid Reagent Mix by Evonik

(Ferrous gluconate C,,H,,FeO,)

Cl\ /Cl
C=C
s ~
_ A’ peg C
%ﬁ%ﬁg&e‘m / \Hydrng&nolysis
Cl Cl
Cl—C=C—Cl Ne=c”
dichloroacetylene Cl/ \H
4 TCE
Hydrogenolysisl l
CE\ /Cl
Cl—C=C—H L=C_
chloroacetylene H . DCEH
l B-elimination m‘l
Cl H
H—C=C—H :C, ,<
acetylene H H
L vC
Hydrogenatio}\ /
N
L=
H H
ethylene

A

N ~
H —/C“—C.\“*—H
H H

ethane
[Adapted from Lee and Batchelor, 2002]
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Limestone processing and GW collection

DTU

i

Limestone

Groundwater

Bryozoan type, Faxe Quarry Well M1, 700 m from source

=8/ S

4| Sumkoncentrationer i filter (a/l):
/ -4

234-764-3172-28

Parameter Value

pH 6.7

cDCE [ug/L] 184.9

VC [ug/L] 0.4

O, [mg/L] 0.02
NO, [mg/ll] 25°*
T Ferrmgl] 2.4

7 30 - 100 pg/!

I 100 - 500 pg/!

I 500 - 1000 pg/l ' 2_

=l SO.2 [mg/l]  101.1

B > 1500 pg/l

—— Potentiale 2023
Geologisk snit

' (] Kommunegraenser
i N

[HOFOR, 2024]
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METHODS

NE

Experimental design

(4) > Replicate saturated aquifer conditions

A 1 Glass beads » Transport processes

E)

-0

| » Limestone grains 1-2 mm ~ proxy fractured

| Waste container )

limestone

L (2)

() » Dry packing method
c (b):) Limestone grains » Flow = 0.17 mL/min - Pore velocity = 90 m/yr
g // Glass beads > Porosity = 45%

v — > HRT = 1.3 days

>

Injection / sampling PV =320 mL
port (0) 'O"“

Peristaltic pump  Tedlar bag
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Experimental set-up

Column C Colulmn B Column A
;\
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o n ]
=  Column A - Abiotic
Cl\ /Cl
/C——“C\-
Cl Cl
ZVI Reductive PCE Hydrogenolysis
Elimination
Column / \c1 i
A Cl—C=C—Cl >c=c<
dichloroacetylene Cl TCE H
Cl Cl
Natural attenuation Cl—C=C—H Se=c
chloroacetylene H c:'s—DCEH
Chemical reduction with ZVI j AW 1
Cl\ /H
Chemical reduction H—C=C—H Je=C_
acetylene H H
vC
SmZVI by Nanoiron: Hydrogenation\‘ ,/
» Colloidal suspension, Microscale (~ 10 um) & Sulfidated H)c=c(H
H H
ethylene
Injections through lateral ports: 1
> 11 gFeO/kg limestone ~ 1.1 % by weight Hi*;c,_C{_HH
H H
ethane
» 2 gFeO/L GW for 15 PV

[Adapted from Lee and Batchelor, 2002]
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D g i i
>
= Column B - Biotic
1 l 1 Cl\c_‘c a
Lactate 1 Lactate 2 KB-1 Lactate 3 _ o P;E\Cl
Column gﬁ%ﬁgﬁ%u / \ Hydrogenolysis
B % / / a_ o cl
Cl—C=C—Cl C—C
dichloroacetylene Cl/ T CE\H
0 5 10 15 pays 20 J / l
Biostimulation with lactate Cl cl
N\ s
Cl—C=C—H C C
v Biostimulation with lactate + bioaugmentation with KB-1 chloroacetylene CI&DCE
Biostimulation Bioaugmentation l / 1
H—C=C—H c—c
60% sodium lactate solution KB-1® acetylene

\ Aydrogenolysis

» Electron donor » Contains Dehalococcoides

~ rd
L=C
> Immediately bioavailable U Vethytene
» 3 injections of 0.52 mL ~ > Injection of 3.5 mL . ,] .
320 mg lactate each H?:C_C{_HH
ethane

[Adapted from Lee and Batchelor, 2002]
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“ [ ] | [ ] | [ ]
>
=  Column C — Combined (abiotic + biotic)
Cl\c—-c a
EHC Liquid Lactate 2 a” P;E\Cl
Reductive Hydrogenolysis
Elimination
o mp O NI
Cl—C=C—Ul =
Clogged Lactate 1 KB-1 dichloroacetylene CI/CT CE\H
Days l
Cl Cl
B =
[ oroacety ene .
Chemical reduction m o a,_  _H
H—C=C—H /C=C,\
acetylene H H
. , vC
EHC® Liquid Reagent Mix alone 60% sodium lac _ |
Hydrogenation Hydrogenolysis
> 33 g ferrous gluconate C,,H,,FeO, > Compensate f o
# "~
q H H
~ 4.1 giron > 3 |nject|0ns of ethylene
> 150 mL solution injected (~ 0.43 PV) 320 mg lactate e: ] 1 )
H;)C—C::——HH
ethane

[Adapted from Lee and Batchelor, 2002]

03-03-2026 Technical University of Denmark Continuous-flow Column Experiments for Enhanced Biotic and Abiotic Degradation of cis-DCE in Limestone



Chemical analyses

=
—]
—

i

PCE, TCE
cis-DCE, VC

Chlorinated ethenes

Acetylene, ethene,
ethane

Volatile fatty acids
(lactate, acetate,
propionate and
butyrate)

Electron donors

Oxygen, methane
Nitrate, sulfate

Redox parameters

Iron

Efficiency of the
remediation technologies

Consumption and loss of
electron donors

Redox potential (ensure

anaerobic conditions and

optimal environment for
bacteria)
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o - -
o
=  Column A - Abiotic
Chlorinated ethenes at the outlet Iron(ll) at the outlet
14 -
0.7 - 1 ZVI
12 -
0.6 A
g 0'5 | E 10 1
E 04 - E 81
= =
S 0.3 - Ethene, ethane E 6
E 0 - < 0.02 umol/L = 4 -
-IE .
S l 2 -
S 0.1
S A A
0.0 T—= T O I 0 T v T T 1
0 5 10 15 20 25 30 35 0 S 25 30 35
Days Days
——CDCE —=-VC » Corrosion of ZVI particles

» Deficit in molar balance

» Assumption ethene oxidation to CO2
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COIumn A - AbIOtic Profiles CE and iron (ll)

! !

Chlorinated ethenes at the outlet Day 14 Day 32

Iron (1) [mg/L]
(<]
Iron (1) [mg/L]

7.5 16.5 25.5 34.5 7.5 16.5 25.5 34.5
Distance from inlet [cm] Distance from inlet [cm]

Concentration [pumol/L]

0 5 10 15 20 25 30 35
Days

o
o
J
o
[
J
o
©
N

o
[«2]
!

0.6 +

——CcDCE —=-VC 0.4 4

(=]
N
!

Concentration [pmol/L]
o
¢ S ¢
1
Concentration [pmol/L]

0.2

o
o
| |

" ) 0.0 - = = =
7.5 16.5 255 34.5 7.5 16.5 25.5 34.5

Distance from inlet [cm] Distance from inlet [cm]

~-VC ——cDCE ~m-VC —A—cDCE
Port 1 Port 2 Port 3 Outlet
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Column B - Biotic

i

Chlorinated ethenes at the outlet VFAs at the outlet
0.8 - 1 189 Lactate KB-1 Lactate
- . 1
0.7 1 Lactate KB-1 16 | ] !
| — . Lactate:
0.6 - Lactate Lactate 3 14 . |
e | 1 1
S 05 - | ! i 212 1 | i
g ! ! : S 10 | . |
5 0.4 - l | ' © ! Ly
= I ' | £ 81 | !
1 | |
% 0.3 A E ! : § 6 ! ::
] 0.2 -1 (=] | 1 )
£ l o 4 : ¥
6 0.1 - : 2 A l Iy
c 1 |
8 00 T T 0 T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Days Days
cDCE -=-VC -=—Acetate —e—Propionate —e—Butyrate -——Lactate

» Microbial activity
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Column B - Biotic

i

Chlorinated ethenes at the outlet
After lactate injections and before KB-1® injection:

0.8 -

0.7 - Lactate  KB-1 » Decreasing cDCE concentrations
_, 06 - iLactatc:e i LacEtate 5 Detected VC
3 05 - L |
£ 04 - : = |
§ 03 ! i E E » Potential presence of cDCE and VC degrading
E 0.2 - E I : ' bacteria in groundwater
S 01 A |
§ 0.0 +=—f ,

0 5 10 15 20 25 30 35 » KB-1® enhances biodegradation

Days

—+—CcDCE -=-VC
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Column C — Combined (abiotic + biotic)
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Chlorinated ethenes at the outlet Iron (ll) at the outlet

Ferrous gluconate

1 10000

1EHC

/ Lactate Lactate 1000
I

Lactate
+ KB-1

EHG Lactate

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0 4= —a

0 5 10 15 20 25 30 35 0 S 10 15 20 25 30 35

Days Days

Lactate + KB-1
|

Lactate
I

1 |
= = ===

100 -

Iron (Il) [mg/L]

10 -

Concentration [pumol/L]

—+—cDCE —=-VC
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o - . .
= Column C - Combined Profiles iron (1) and CE
Chlorinated ethenes at the outlet l l
Day 14 Day 32
0.9 - 1EHC Column C profile - Day 14 Column C profile - Day 32
5000 - 80 7
- 0.8 A Lactate Lactate 0 |
S 07 - I 4000 - 60 4
5 U 1 Lactate g 3 50 -
I oo
£ 06 - | +KB-1 E 3000 Eo
[ 1 = =
§ 0° - ! B £, ]
g 0.4 - : 1000 - w0 |
5 0.3 A I 0 . . . : . 0 v . : :
o 1 7.5 16.5 25.5 34.5 7.5 165 25.5 34.5
g 0.2 - | Distance from inlet [cm] Distance from inlet [cm]
© 01 - :
0.0 += | Y | Column C profile - Day 14 Column C profile - Day 32
0 5 10 15 20 25 30 3 g ] =..] ¥
Days 50_4 - 50.4 1
.g 0.3 - g 0.3 -
—+—CDCE -—=-VC £02 - £02 -
§ 0.1 - . . § 0.1 -
0.0 — . : 0.0 - P e B —
7.5 16.5 25.5 34.5 7.5 16.5 255 34.5
Distance from inlet [cm] Distance from inlet [cm]
~8-VC —a—cDCE “®-VC —a—cDCE
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Column comparison and performance

Column A - Abiotic Column B - Biotic Column C - Combined
0.9 0.9 - 1EHC
S 0.8 - Lactate
0.8 + Lactate KE."l g 07 | IIactate
ary 0.7 1 iLactate 1 Lacate ° | lactate |
3 T 06 - ! : E 06 | | +KB1
2 = | ; = ! |
E S 05 - ! ! § 051 ! I
= 2 04 - | : g 0.4 1 ! :
o - 1 frar} 1
& S 03 | ! ! £ 03 - | :
g £ 02 - l £ 02 - . E
£ 8 0.1 ! © 01 !
© § 0.0 . ; | 0.0 4=
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Days Days Days
——CcDCE —=-VC ——cDCE —=-VC ——cDCE —=-VC
» Low cDCE and almost no VC production » No VC production after day 19 » VC aways detected from day 20

Ranking performance: Abiotic column > Biotic column > Combined column
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DISCUSSION

Evaluation of the amendments

» Fast and maintained reactivity » High reactivity
» Good longevity (~ 150 days) > Almost complete consumption
» Low mobility » High mobility

EHC® Reagent Liquid Mix KB-1®

» Not conventional use
» Longevity determined by conditions

» Limited mobility

» Limited longevity
» Formation of iron precipitates
» High mobility
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= Improvement suggestions
0.7 -
0.6 - 7V
= 05 | E
E 04 - :
Improve knowledge on degradation = 0 ! lt\)/lcilar ,
= ] alance?
» Measure all degradation products g 02
S 0.1 -
> Include bacterial analyses S I
0 5 10 15 20 25 30 35

Days

—+—CcDCE —=-VC

20

Increase duration of the experiment

=
a

> Might improve biotic system performance

[=]

Depth {m/DVRID)

. : o Rt
> Improve evaluation of longevity 10 0 Sy ?
20 _—
860 lﬂl[)()

[Modified from Hemdorff, 2013]
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Potential for field applications Souree

Zone

groundwater
Challenges zone

» Matrix 2 low permeability, high porosity

» Contact time between amendments and contaminant

[Morwick G360, 2017]

Amendments - Good mobility and longevity l

> Nano sulfidated ZVI Back dlffuswn
- Matrix = long-term g C,| @

> Nano Sulfidated ZVI + lactate (+ KB-1®) 4 secondary source

» EHC® Liquid (+KB-1®) ©®

(4) Lacinova, Lenka, Martina Cernikova, Jaroslav Hrabal, and Miroslav Cernik (Oct. 2013). “In-Situ Combination of Bio and Abio Remediation of Chlorinated
Ethenes”, Ecological Chemistry and Engineering S 20.3, pp. 463—473. doi:10 . 2478 / eces - 2013 - 0034.

(5) Peale, James G. D., James Mueller, and Josephine Molin (2010). “Successful ISCR-enhanced bioremediation of a TCE DNAPL source utilizingEHC®and KB- [Bjerg et al., 2017]
1®”, Remediation Journal, pp. 63—81. doi: 10.1002/rem.20251.
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Conclusions

i

Successful design of continuous-flow column experiment

Initial assessment of mobility and longevity of amendments

D

Good reactivity of amendments with cDCE (&__,

Efficiency columns: abiotic > biotic > combined E
(0) 'O""
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Figure 7.8: Sulfate [mg SO7/L] and chloride [mg CI/L] concentrations measured at the outlet in columns A, B
and C. Changes in Tedlar bags are indicated by the gray arrows below the x-axis. The quantification limit is 7.5
mg/L. both for sulfate and chloride.
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Lab studies
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Figure 4.2: (a) Degradation of PCE to TCE, cDCE, VC and ethene during 170 days of column operation (adapted
from Azizian et al. 2008), (b) Degradation of ¢cDCE to VC and ethene during 45 days of column operation with a

flow rate of 0.23 mL/min (Mendoza-Sanchez et al. 2010).
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Lab studies — ZVI vs Sulfidated ZVI
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Figure 4.1: ¢cDCE degradation by non-sulfidated ZV1 (a) and sulfidated ZV1 (b) (Qian et al. 2023).
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GW extraction
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Limestone collection
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